Understanding chemistry and the effects of humic substances on plant growth is important for using organic fertilizer or soil amendment for sustainable snap bean production. The objective of this study was to characterize different fractions of humic acid (HA) derived from Leonardite and evaluate their effects on seedling growth and nutrient uptake of snap bean (Phaseolus vulgaris L.). HAs extracted from Leonardite were separated based on molecular weights into three fractions (HS1, HS2, HS3) plus sediment (SED). With direct polarization combined with spectral editing techniques, functional groups of HAs were quantified and the results indicated that HAs with low molecular weights had more O-alkyl and carboxyl C groups than those with large molecular sizes. A plant growth experiment was conducted as a randomized split-plot design with three replications and repeated for three plantings. The results show that addition of HAs was beneficial to leaf and root growth of snap bean compared with the control (no HA). Plants treated with low-molecular weight HAs had significantly greater root length, root surface area, and uptake of potassium by shoot than those treated with other HAs, while leaf growth was affected mainly by HAs with high molecular weight. 
Introduction
Leonardite is an oxidized form of lignite with brown and coal-like appearance and often found at shallow depths overlying more compact coal in a coal mine. Leonardite, named after A. G. Leonard in recognition of his research contributions to the substance and humified organic matter, contains 30-80% humic acid (HA) and can be used as an organic fertilizer or a soil amendment. [1] Abundant natural resources of Leonardite are available in many places in the world and the deposits in USA were found in Texas, Wyoming, New Mexico, North Dakota, Idaho, and Florida. [2] Humic substances can serve as nitrogen, phosphorus, and sulfur reservoirs; improve soil structure, aeration, and drainage; and increase buffering and exchange capacities. [3, 4] Leonardite has soil amendment potential and beneficial effects on bean growth. [5, 6] . Applications of HA also showed improved plant growth, seed germination, and fruit quality. [7] However, most of these investigations focused on studying plants grown with different sources or levels of humic substances, and the correlation between total amount of humic substances and plant growth. [8] [9] [10] Only Serenella [11] investigated whether low-molecular size HA endowed with a high aromatic and carboxyl C content, and whether high-molecular size HA endowed with peptidic and carbohydratic carbons positively influence the metabolic parameters of plants. Low-molecular size humus was found to be capable of reaching the plasma membrane of root cells and was translocated, while a high-molecular size fraction is not absorbed and only interacts with the cell wall. Vaughan [12, 13] attributed cell elongation by humic substances to the formation of strong Fe complexes with HAs, resulting in a reduction in a wall-bound hydroxyproline.
Using Leonardite directly or HAs produced from it as soil amendments or plant promoters is expected to improve the properties of soil and growth of plants. However, little research has been done on how fractions of HAs from Leonardite affect plant growth. Therefore, the objectives of this study were to characterize the fractions of HA derived from Leonardite and their effects on the growth of snap bean cultured in the agar with the Hoagland nutrient solution. The experimental results provide valuable information for the wide utilization of the Leonardite for sustainable production of crops.
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included. The solution (250 ml) was stirred and mixed quickly, then poured into a root box (20 x 20 cm) which was made of Plexiglas. After the box was cooled to room temperature, a seedling of snap bean was carefully laid into the root box. Then, the box was wrapped with a clinging wrap film, covering the root box from one side to the other to avoid air bubbles, while aluminum foil was put outside the root box to block light. Additional 50 ml of nutrient solution and 5 ml of 5% H 2 O 2 solution were added into each container. This experiment was repeated three times and each treatment was replicated three times for each experiment.
Measurements and statistical analysis
Every 20 days, the number of leaves was counted and the length and width of the largest leaf were measured. Leaf greenness was measured using a chlorophyll meter (SPAD-502Plu, Knica Minolta, Osaka, Japan). At 60 days after transplanting, plants were harvested and weights of the shoot and roots were recorded. Characteristics of plant roots (root length and surface area of root) were scanned with a scanner (Epson 1000XL, Epson America, Inc., Long Beach, CA) and analyzed using an image analysis system (WinRHIZO, Canada). Shoot and root samples were also washed, dried, and analyzed for phosphorus and potassium using an atomic absorption spectrophotometer (Shimadzu AA-6300, Japan). NMR measurements were performed with a Bruker Avance 400 spectrometer at 100 MHz for 13 C using a 4-mm triple-resonance probe, and carbon (C) and nitrogen (N) were tested by CN analyzer (Elementar, Germany). The data were subjected to statistical analysis using the SAS statistical software (version 8.0) and the mean values were compared using Duncan's test (p ≤ 0.05). [17] Results and discussion Table  1 . Cumulative aromatics and aliphatics of IM, HS, HS1, HS2, HS3, and SED account for 67.54, 70.29, 70.7, 70.68, 70.81, and 68.35%, respectively, with only 1.78% C=O and 9.92% COO at IM and aromatics that are nonprotonated account for 72.62% of all carbons, whereas 5.08%
Materials and methods

Preparation of HAs
HAs were extracted from Leonardite using the method of the International Humic Substances Society (IHSS) and described by [7, 14] . Briefly, an aqueous solution with 0.1 mol/L KOH was mixed with Leonardite. After standing for 24 h, the mixture was centrifuged at 25 °C and the suspension was separated as supernatant or pellet. The supernatant pH was adjusted to pH 7.0 by adding 0.1 mol/L H 2 SO 4 . Then, the solution was poured into a Plexiglas cylinder (70 cm in height and 10 cm in diameter), settled for 24 h, and the tube was siphoned out sequentially for portions of upper, middle, and bottom. [15] According to Stokes' law, sedimentation rate is proportional to the size of molecules and therefore, these solutions were labeled as HS1 (low molecular weight), HS2 (medium molecular weight), and HS3 (large molecular weight), respectively. The mixture (HS) of HS1, HS2, HS3, sediment (SED), and IM (raw Leonardite) was also included for the study. Potassium sulfate (K 2 SO 4 ) was added into air-dried HS, HS1, HS2, HS3, SED, and IM to bring the potassium content to the same level.
NMR (nuclear magnetic resonance) spectroscopy
Samples of HS1, HS2, HS3, HS, SED, and IM were crushed to a particle size smaller than 2 mm in diameter and stirred to produce relatively a homogenate. All NMR measurements were performed with a Bruker Avance 400 spectrometer at 100 MHz for 13 C using a 4-mm triple-resonance probe. Quantitative structural information was obtained using 13 C direct polarization/magic-angle spinning (DP/MAS) NMR experiments performed at a spinning speed of 14 kHz. The 90° 13 C pulse length was 4 μs. On that basis, a recycle delay of 30 s was used for all samples. In order to obtain quantitative information on the nonprotonated carbons, DP/MAS 13 C NMR with recoupled dipolar dephasing was used. The dipolar dephasing time was 68 μs and adhered to details described by Mao and Schmidt-Rohr. [16] 
Plant growth
Snap bean seeds (950782C) were soaked in 1/2000 H 2 O 2 for 24 h, rinsed thoroughly three times with deionized water, placed inside a Petri dish on a moist paper towel, and incubated at 33 °C in an incubator. Then seedlings of snap bean were transplanted into an agar culture. For the agar culture, 1000 ml of Hoagland nutrient solution was put into a beaker and 10 g (1%, w/w) of agar was added into the beaker. Heating the mixed solutions for about 5 min with a microwave oven until boiling, after the solution was cooled to −45 °C, different fractions of HAs (HS, HS1, HS2, and HS3), SED, IM at a rate of 400 mg/L were added，and a control (CK, without HA) was also of total carbons are those of aromatic C-O. HS1 had the lowest carbon content, while SED had the lowest nitrogen content.
The effect of different fractions of HAs on plant growth
The greenness of leaves of snap beans was measured using a SPAD meter which was highly correlated to the concentrations of chlorophyll in leaves. [18] Compared to the control, all HS treatments did not show significant improvement for leaf greenness except HS2 (Figure 1 ). At 20 days after planting, plants treated with HS2 had the greatest SPAD reading among all treatments. Plants treated with HS3 had the lowest SPAD readings at 20, 40, and 60 days after planting. However, plants with HS1 and HS2 treatments produced more leaves than those with other treatments at both 40 and 60 days. In fact, seedlings treated with HS1 humic were significantly longer than other fractioned HA, similarly width and area index per seedling were larger compared with other six treatments. These growth parameters' results indicate that lowest molecular weight fractions (HS1) generally promoted the seedling of the snap bean compared to fractions with other high molecular weights. At late seedling stage (after 40 days), although showing less variation in the largest area index, HS1 also produced values significantly different from other fractions. HA treatments showed a particularly larger leaf area index, blade width, and length than the blank (CK) and residue of Leonardite (SED), and differences in SPAD were statistically not significant. Figure 2 indicated that HA had some effect on the growth of leaf. Leaf area index, maximum blade width, and length were increased significantly over that blank and SED. The leaf area index, maximum blade width, and length demonstrated a tendency to increase with the reducing size of HA. Many results obtained showed that application of HA significantly increased the plant height, number of leaves, and leaf area of snap bean. [19] [20] [21] Eyheraguibel [20] and Quaggiotti [22] considered that humic treatment presented a positive effect on shoot growth; Silvia [23] showed that low-molecular humic fraction stimulates the uptake of nitrate by roots and accumulation of the anion at the leaf level. The effect of different fractionated HA seedling stages on snap bean root growth parameters
Roots are reported to be more responsive than shoots to the application of humic compounds. [24, 25] The snap bean treated with a low-molecular weight faction (HS1) had the greatest length of total roots and greatest surface area, while those treated with SED and control had the lowest values of the two traits ( Table 2 ). The total length of roots treated with HS1 was 2, 6, 7, 11, 65, and 105% greater than those treated with HS2, IM, HS, SED, and the control, respectively. Similarly, those plants treated with HS1 had almost doubled surface area of roots compared to the control and 6-83% more surface area of roots than those with other HAs. Average diameters of roots were not significantly affected by the three fractions of HAs. The plants were treated with SED. Chen [26] said that stimulation of root growth was generally more apparent than stimulation of shoot growth, both increases in root length and stimulation of the development of secondary roots have been observed for humic substances in nutrient solutions, but some responses showed increasing growth with increasing humic substance concentration in nutrient solutions, followed by a decrease in the growth at very high concentrations.
The effect of different fractionated HAs at seedling stage on P, K content of snap bean plant and root in agar culture
Except treatments of HS3 and SED, all other HS treatments significantly improved the uptake of K in plant shoot compared to the control. Plants treated with HS1 and HS2 had the highest concentrations of K in shoots ( Figure 3 ). Similar effects were not found in plant roots. Actually, plants treated with HS1 have the lowest concentration of K in root. Some reports showed that HA as a soil amendment may have positive effects on crop growth and yields; their experiments also showed they had significant effects on the concentration and uptake of P and K, [27] [28] [29] [30] especially the small molecular. However, the P content of plant did not reflect a clear tendency with the increasing size of HA, this may be because humic substances can complex transition metal cations, which can sometimes result in enhanced uptake and sometimes result in a competition with the roots resulting in decreased uptake. the decreasing fractions of HA. We conclude that lowmolecular weight fraction of HA appeared to promote the production of snap bean due to an enhancement in the physical growth of leaf and root.
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Conclusions
This study showed that leaves and roots were stimulated by HA, especially by treatments with low-molecular weight fractions, and which was in agreement with the general conclusions of other works. [31] [32] [33] [34] Nutrient uptake varied as a result of a number of differences and as a result of treatments with fractionated HA. Lowmolecular weight fractions of HA resulted in a significant increase in root length, projective area, and surface area, while high-molecular weight fractions of HA had a tendency to reduce the root length, projective area, surface area, and volume. As a result of the fraction treatments, diameter was decreased, but differences in SPAD were statistically nonsignificant, P contents were also not significantly different among the treatments. However, K content of plant showed a tendency to increase with Table 2 . the effect of different humic substances on root growth of snap bean at 60 days after transplanting.
note: means in the same column followed by the same letter are not significantly different at p < 0.05. Figure 3 . Concentrations of p and K in shoot and root of snap bean grown with agar culture affected by fractions of ha (hS, hS1,hS2, hS3, im, and SeD) in 400 mg/g. CK-control; hS-mixture of hS1, hS2, and hS3; hS1-low molecular weight; hS2-medium molecular weight; hS3-large molecular weight; SeD-insoluble residual; and im-raw leonardite (bars represent standard deviations or errors).
